Hippocampus is an important structure of the human brain limbic system. The variations in the volume and architecture of this structure have been related to certain neurological diseases such as schizophrenia and epilepsy. This paper presents a two-stage method for localizing hippocampus in human brain MRI automatically. The first stage utilizes image processing techniques such as nonlinear filtering and histogram analysis to extract information from MRI. This stage generates binary images, locates lateral and third ventricles, and the inferior limit of Sylvian Fissure. The second stage uses a shell of expert system named VP-EXPERT to analyze the information extracted in the first stage. This stage utilizes absolute and relative spatial rules and spatial symmetry rules to locate the hippocampus. The system has been tested using MRI studies of six epilepsy patients. MRI data consisted of a total of 128 images. The system correctly identified all of the slices without hippocampus, and correctly localized hippocampus in about 78% of the slices with hippocampus.
INTRODUCTION
One in every 200 people within the United States (US) suffers from a neurological disease referred to as "epilepsy." Two-thirds of all epileptic patients have a specific focal area of seizure onset within the brain. More than 20% of the epileptic patients undergo surgery when treatment with medication is ineffective, i.e., nearly 250,000 patients are potential candidates for epileptic surgery in the US. The conventional method of evaluating an epileptic patient for surgical candidacy is lengthy, painful, and costly. It requires EEG exams to detect "irritative zones." A phase one EEG exam requires admittance to the hospital for a period of five to seven days. During this hospital stay, the patient undergoes 24 hour video monitoring and EEG recording and analysis (with electrodes placed at several sites on the head). If the epileptic foci is not sufficiently localized in phase one, the patient undergoes phase two of the surgical evaluation which involves implantation of electrodes intracranially and monitoring the patient for nearly two weeks. The current cost of the pre-surgical evaluation ranges from a few thousand dollars (screening phase) to upwards of $50,000 (an involved phase two).
Using image analysis methods that we are developing we hope to establish specific and sensitive means of identifying foci of epileptogenicity from MRI. This will allow for a more contracted electrographic investigation by focusing attention into the abnormal site. The result will be reducing the cost of phase one and phase two for a majority of patients.
Our developments are based on recent research results indicating that determination of structural and volumetric asymmetries in the human brain from MRI provides critical data for the diagnosis of focal abnormality. This has been the case with complex partial seizures attributable to hippocampal sclerosis and has been further applied to other brain regions for the same purpose. The hippocampus is an important component of the human brain's limbic system. The variations in volume and architecture of this structure have been observed with some brain diseases such as schizophrenia, epilepsy, and Alzheimer."2 There are numerous physiological and anatomical definitions for the hippocampus. We use the following definition that is appropriate for automatic identification of the hippocampi from MRI: "Hippocampus is the last infolding of the gray matter after passing from the lower parts of the temporal lobes toward inside and then going up towards the Send correspondence to Hamid Soltanian-Zadeh, Ph.D., E-mail: hamids©rad.hth.edu Part of the SPIE Conference on Image Processing • San Diego, California • February 1999 lateral ventricles." This structure looks like a peninsula of gray matter in white matter and appears in two, left and right, sides of the brain. Fig. I shows sagittal and coronal MR images of the hippocampus. It also shows the approach for defining the slicing direction and the portion of the brain imaged for the hippocampus studies. Furthermore, this figure illustrates the morphometric and signal intensity differences in the left and right hippocampi. In 3D, the hippocampi have sausage like shapes. Details of the hippocampus anatomy and its appearance on MRI are given in various publications , e.g. , references.26
In many cases, volumetric analysis of the hippocampus from MRI is recommended. Existing methods for this determination (manual segmentation of structures from MRI), however, is labor-intensive and in need of revision to achieve more uniform and reproducible measurements. Automated procedures are expected to solve these problems. The long-term objective of our research is to develop an automated image analysis system for fast, accurate, and reproducible studies of the hippocampus and subsequently other brain regions using MRI. This image analysis system will consist of three main sections: 1) a knowledge-based system to locate the hippocampus; 2) a 3D deformable surface model to segment the hippocampus; and 3) an analysis procedure to characterize the hippocampus. This paper presents a method for the first section of the image analysis system.
METHODS
We have developed a two-stage approach for locating the hippocampus from the oblique coronal sections of the brain. The approach for selecting the imaging volume and slicing direction is illustrated in Fig. 1 . In the first stage of the proposed method, we extract anatomical information from MR images and in the second stage we analyze the information extracted to generate landmarks around the hippocampus. The method may be applied to either the original or the preprocessed images (after intracranial segmentation is applied). The steps of the method are summarized in Fig. 2. 
Information Extraction
We generate the image histogram and use it to find optimal thresholds for a pre-segmentation of the brain tissues. In an original Ti-weighted MR image, the image histogram peaks represent background, scalp, cerebrospinal fluid ( CSF), gray matter, and white matter, respectively. In the histogram of a preprocessed image (after intracranial segmentation) the peaks corresponding to the background and scalp do not exist. In either case, to estimate locations of the histogram peaks and valleys robustly, we smooth the histogram by a Gaussian filter. Based on the histogram information, we generate a binary image in which CSF regions appear dark. This binary image is used in searching for the ventricles, i.e., the lateral ventricles and the third ventricle. Examples of the image histograms and the resulting binary images showing CSF, using an original and a preprocessed image, are shown in Figs. 3 and 4 .
We have developed a search algorithm to locate several points of the lateral and third ventricles, the sylvian fissure, and eventually the hippocampi, from the binary images of CSF. The method uses the a priori knowledge that, in the oblique coronal brain images generated according to the protocol illustrated in Fig. i , the ventricles and the sylvian fissure are seen in particular locations relative to the hippocampi in all slices containing the hippocampi. The search is performed from the center of mass of a brain slice or another point previously identified. The search algorithm starts from an initial radius and ends at a final radius. For each radius, all of the pixels between two pre-specified angles are evaluated. Based on the structure of the image (anatomical structures within the brain slice, e.g., existence and amount of the brain stem in the slice), the radii and angles are determined adaptively. Examples of the search regions that are established to find the lateral ventricles in different slices are shown in Fig. 5 .
To ensure that all of the pixels in each region is searched, we determine the search angle step-size as a function of the radius. For a small radius the angle step-size is large, and for a large radius the angle step-size is small. The search space covered by this approach is compared to that of a simple approach using a fixed value for the angle step-size in Fig. 6 .
For each search, we have defined a condition for stopping the algorithm. In the simplest case, the condition can be "finding a dark point." To decrease the sensitivity to the image noise, we search for a dark point with specific spatial connectivity constraints (e.g., 8-neighbor connectivity). For example, in Fig. 7 , a dark point with 7 dark neighbors in an 8-neighbor region is shown. Once a point satisfying the search conditions is found the search stops and the coordinates of the point is reported. Using morphological algorithms, we extract the structure connected to a specific point. 6 . a, The area covered using adaptive selection of the angle step size. b, The area covered using a fixed value for the angle step size. Fig. 7 . Illustration of the search path and the approach proposed for using spatial connectivity to suppress the noise effect on the results. 1649 a C Applications of the above algorithms to the CSF images segments and identify lateral and third ventricles. In some of the slices, the lateral and third ventricles are connected. To separate them, we have developed a directional morphological region growing algorithm, using the structuring element shown in Fig. 8 . Steps of the algorithm are given in Fig. 9 .
The lateral and third ventricles define search regions for identifying a couple of landmarks on the superior and inferior borders of each hippocampus. They also define search regions for identifying the inferior limit of the sylvian fissure. This landmark defines a search region for identifying a lateral landmark for each hippocampus. An example of the landmarks that are identified by this algorithm is shown in Fig. 10 .
In the images which are not thresholded appropriately, do not include the hippocampus, or include an abnormality (e.g., tumor or stroke lesions), the above algorithm may identify inappropriate landmarks. We have developed an expert system to evaluate the candidate landmarks and find the valid ones for segmenting the hippocampus (see below).
Information Analysis by an Expert System
We use a shell of expert system named VP-Expert to develop a software for evaluating the points (landmarks) identified by the search algorithm. The points that are considered valid points of the hippocampi by the expert system can be used to generate an initial surface for a 3D deformable model, e.g., the one we presented in reference.7 Using this initial surface, the 3D deformable model is expected to segment the hippocampi accurately.
In the following section, we briefly describe the VP-Expert features and the rules that are defined for the expert system.
VP-Expert
The software is developed by Wordtech System Inc., CA, USA, as a rule-based expert system development tool. There are a number of expert system tools on the market, but VP-Expert offers a combination of powerful features that make it the clear state-of-the-art choice for this project. Some of its features include8:
I The ability to exchange data with dBASE compatible database files, or Symphony worksheet files, and ASCII text files.
. An "Induce" command that automatically creates a knowledge base from a table contained in a text, database, or worksheet file.
I An "inference engine" that uses backward and forward chaining for problem solving.
. Optional development windows that let you observe the behind-the-scenes path of the inference engine as it navigates the knowledge base to solve problems during a consultation.
. Confidence factors that let you account for uncertain information in a knowledge base.
. Simple English-like rule construction.
• Commands that allow VP-Expert to explain its actions during a consultation.
• Knowledge base "chaining" which lets you create knowledge bases that would otherwise be too large to fit in memory.
• Automatic question generation.
• The ability to record and graphically display the rule-by-rule search pattern used behind the scenes during a consultation.
• Confidence measure (CNF) calculation by an approximate reasoning scheme.
• Floating point mathematical functions.
• Rapid execution of the knowledge base.
• The ability to execute external programs. 
Proposed Expert System
The proposed expert system forms a file system structure for communicating between different blocks of the system. It runs the search algorithm explained above to extract the information from the brain slice. It then analyzes the information by an executable file that contains a knowledge-base and an inference engin. The knowledge-base is generated by the VP-Expert from the rules we define for it, and the existing inference engin in the VP-Expert is used. The system generates a CNF for each landmark. If a CNF larger than a prespecified threshold value, e.g., 90 out of 100, is found, the corresponding landmark is labeled valid. An executable file is called if the system is unable to find the hippocampus on a slice but has found the hippocampi in the the two adjacent slices (on the sides of this particular slice). In this case, a new search takes place to find the hippocampus in the middle slice using the information extracted from the two neighboring slices. This is based on the spatial connectivity of the hippocampus due to its topology. After this step, the system moves to the next slice and analyzes it until all of the slices are analyzed. The rules that are utilized by the expert system are defined in the following section.
Proposed Rules
To calculate CNF for each slice, we use three categories of rules defined from: 1) absolute location of a structure in the brain; 2) relative positions of structures in the brain; and 3) general symmetry of the brain. The first category is based on the fact that the normal brain structures have particular locations. Therefore, if a structure is found in the expected region, the confidence of the system in correct identification of the structure increases. The expected regions are defined based on the brain anatomy. The second category considers the spatial location of a brain structure relative to the other structures. In this case, a particular structure is expected to be superior, anterior, or lateral relative to another structure. These qualitative expectations are converted to quantitative relations. This category is also based on the anatomic knowledge of the brain. The third category is based on general symmetry of the brain. If MR images are acquired in the coronal or axial directions (or combination of these two directions) the symmetry feature is seen on them. If there is a rotation towards the sagittal direction, this feature is not visible on individual slices. Abnormalities may also generate asymmetries in MR images. Thus, the symmetry feature depends on the slicing direction and existence of the abnormal structures. It should be noted that the symmetry that we use is a relative concept and it does not mean that one side of the brain is an exact mirror projection of the other side. We are able to include this type of a concept in the rules we define for the proposed expert system using the VP-Expert environment.
Specific examples of the rules that are used on the oblique (coronal) images of the brain are as follows:
. The hippocampi are located in the lower half of the images.
. The superior and inferior landmarks found for the hippocampus should not be too far, e.g., more than 20 pixels apart.
. The superior and lateral landmarks of the hippocampus should not have significantly different vertical (y)
coordinates.
S The landmarks found for the left and right hippocampi should not have significantly different vertical (y) coordinates.
. The horizontal (cs) coordinates of the landmarks found for the left and right hippocampi should average close to that of the brain's center of mass in the slice.
EXPERIMENTAL RESULTS
In this section, we first describe the MRI studies we used in testing and evaluation of the method. Then, we explain the method we used for evaluation and validation of the system. The imaging sequence utilized for epilepsy studies at Henry Ford Health System, Detroit, MI, consists of four T2-weighted spin echo images (TE/TR =25, 50, 75, 100/2500 ms) and one Ti-weighted spin echo (TE/TR = 25/500 ms). These images are acquired in oblique coronal slices where the perpendicular axis to the images are found using a Ti-weighted sagittal localizer (location seen in Fig. 1 We used the Ti-weighted images and analyzed them retrospectively to test and evaluate the image analysis methods. We applied the method proposed in this paper to 128 slices, randomly selected from image sets of six epileptic patients. The landmarks found for the hippocampi were inspected by a specialist and were classified into correct and incorrect categories. The number of correct landmarks to the total number of the landmarks estimated the success rate of the method. The success rate estimated was 78%.
From the studies analyzed, we found that in most of the cases, the thresholding algorithm generated acceptable binary images despite variations in the image histograms. We also found that most of the errors in later stages of the proposed method were originated from imperfections of the results of the first stage. These errors consisted of including pixels from other tissues in the CSF image, and asymmetry of the right and left halves of the binary images. It seems that if the ideal binary images were created, the proposed method would have generated 100% accurate results.
In extracting the ventricles, the result showed 87% success rate for the proposed approach. In extracting the third ventricle, sometimes there were difficulties due to connections between this structure and those underneath it in the binary images. We therefore cannot trust on the information obtained for the inferior limit of the third ventricle.
One of the most successful results in this research belongs to the task of finding superior landmarks for the hippocampi; 92.5% of the searches were successful. In finding inferior landmarks for the hippocampus, the success rate was about 69%. We discovered that this low success rate was caused by the variations in the shape and architecture of white matter beneath the hippocampi.
Finding the inferior limit of the sylvian fissure also revealed some difficulties such as premature ending of the search algorithm. The search stopped either at an adjacent noisy pixel or at a structure that usually seen in the last slices containing the hippocampus. The success rate for finding the inferior limit of the sylvian fissure was 78.9%. The search for the external point of the hippocampus was less successful. The success rate for this search algorithm was 75%.
In the information analysis stage, the success rates of the proposed rules were different. The results using 32 images of a patient are given in Fig. 11 . Further estimations of the success rates using multiple patients studies are needed to increase our confidence in these rules.
Finally, we found that asymmetry in the image due to an abnormality or a rotation of the slicing direction towards the sagittal view deceases the success rate of the method. In this situation, the information from the neighboring slice is used to locate the hippocampus. An example is shown in Fig. 12 . As it shown in Fig. 12 .a, at first both of the inferior landmark of the sylvian fissure and the external landmark of the hippocampus were found incorrectly and the expert system did not considered it as a slice with the hippocampus. Since this slice is between two other slices containing the hippocampus, using the information of its neighbors, the information for this slice was extracted again. The new information was evaluated and this time the slice was considered as a slice with hippocampus (see Fig. 12 .b).
CONCLUSION AND FUTURE WORK
We may summarize the conclusions as follows.
. The proposed system correctly identified all of the slices without hippocampus, and correctly localized hippocampus in about 78% of the slices with hippocampus.
• Most of the failures were caused by the shortcomings in creating the binary images. Thus, improving the approach for this part of the method is the most important task in order to increase the success rate for the overall method.
• In the information extraction stage, the proposed search was not optimized. Optimization of the search algorithm will increase the speed of the method.
• In the analysis of information stage, we need to show the generality of the rules and their measure of correctness, using multiple patients studies. 
XL
. Since there are a set of symmetry-based rules among the rules, when the image is asymmetric, the metod does not work. In this situation, the information from the neighboring slice is used to locate the hippocampus.
Future work may be directed towards the following goals:
S To find more points around the hippocampus;
. To improve the quality of the binary images;
. To create new binary images for showing the narrow regions above the hippocampi and landmarks for the start and end slices containing the hippocampus (e.g., dark points in the end slices with hippocampus in front of the entering areas of white matter into the temporal lobe);
. To find an optimal solution for the polar search in the Cartesian coordinate system;
. To extend the search algorithm from the current simple black and white (binary) environment to a gray scale image and then to a color image obtained from a combination of multiple MR images of the same slice.
